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ABSTRACT 


The experimental results for convective heat transfer and 
flow friction characteristics of some screen, plate-fin and 
skewed fin matrices of various geometry are presented. The heat 
transfer data were obtained using the transient technique. 

The results, which are presented in graphic and tabular 
form, should be of practical use for Saaace heat exchanger 
design. 

The results of a digital computer solution giving the 
maximum slope of the generalized heating curve as a unique 
function of NIU are presented in tabular form in Appendix II. 

The author wishes to thank Professor C. P. Howard of the 
U, S. Naval Postgraduate School for his encouragement and 
guidance, and Lt, J, A. Inglis, RCN, for solving the Bessel's 
function and theoretical generalized heating curve equation, 
The assistance of J, 5. Beck and K, Mothersell in fabricating 


the equipment used is also acknowledged, 
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LIST OF SYMBOLS AND ABBREVIATIONS 


English Letter Symbols 


A 


matrix heat transfer area, fata 

matrix free flow area, rte 

matrix conduction area, rt? 

specific heat at constant pressure, BTU/(lbm-°F) 
orifice diameter, ft 

pipe diameter, ft. 


hydraulic diameter, (lr,), ft 


. lem-ft 
dimensional constant, 32.2 ThFosec2 
mass velocity, lbm/(hr-ft?) 


unit conductance fog thermal convection heat 
transfer, BIU/hr-ft-°P) 


unit thermal conductivity, BTU/hr-ft r 

total matrix flow length, ft. 

porosity, ratio of void volume to total volume 
pressure, lbf/ft@ 

hydraulic radius, (A,L/A), ft. 

temperature, °F. 

specific volume, ft?/lon 

mass flow rate, lom/hr 

mass, lbm 


distance from the entrance of a core to a given 
eross section, measured in direction of flow, ft. 


generalized position variable, Z= —HA_- : 
weer T 


2 a 
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Greek Letter Symbols 
X- heat transfer area per unit volume, ft2/rt? 
Q-= denotes difference 
7/4 viscosity, "bm/hr-ft 
‘TY - generalized time variable, = ee (9 - ue ‘ . ) 
6 «= time, hrs.. : 
Dimensionless Gcoupings 
Na ~ Reynolds number, kr), Chu (a flow modulus) 
Ngt ~ Stanton number i, (a heat transfer modulus) 
Nop = Prandtl number (a fluid properties modulus) 


NIU = number of heat transfer units of a matrix, gee 
(a heat transfer prameter) five 


. 42 Be iy 
f - 'Fanning! friction factor, APnatrix 2846 / oe 
Superscript 


‘= for perfect stacking 


Subscripts 
f - fluid phase 
i = matrix initial state 
s = solid phase 
1 - fluid state upstream of matrix 


@ - fluid state downstream of matrix 
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INTRODUCTION 


. There are two courses open to the designer of a compact 
heat exchanger for the transfer of a fixed heat load consistent 
with an allowable pressure drop ublltging a new type of matrix 
arrangement that is not covered in present heat transfer litera- 
ture. A matrix will be defined as a porous solid possessing a 
high ratio of void surface area to bulk volume, and a void geo- 
metry which permits the flow of gas or a liquid through it. 

The first course, a trial and error technique, consists of 
siaiybicaiiy predicting the heat transfer and friction character- 
istics of the matrix, designing and testing a scale version of the 
heat exchanger, and modifying the design until the required perfor- 
mance is achieved, The time and cost involved in utilizing this 
method is generally unacceptable to the designer. 

The second method consists of generating the required heat 
transfer and friction data on a small module, and utilizing the 
results for the full scale design. This method is quite flexible, 
since many different matrix arrangements can be tested at mini-~ 
mum cost, and an optimum surface chosen. 

One of the satisfactory methods of measuring the convective 
heat transfer characteristics of porous solids utilizes the so-= 
called transient test technique. This consists of introducing a 
step function in the temperature of the fluid passing through the 
matrix, which is initially at uniform temperature, and recording 


the matrix temperature-time history. Using the results of the 


ct 
% 


analysis developed by G. L. Locke (1)* for the determination 
of NTU from the generalized heating curve of maximum tempera- 
ture gradient versus time, it is then possible to compute the 
Stanton number, The 'Fanning! friction factor is obtained from 
the pressure drop across the matrix. 

The objectives of this thesis were: 

ae to design, fabricate and evaluate the performance 
of a test section to utilize the transient method for deter= 
mining heat transfer coefficients of small modules, and 

b. to obtain the heat transfer coefficients and fluid 
frictional characteristics of screen, triangular fin and plate 


fin matrices of various geometry. 


*Numbers in parentheses refer to Bibliography on page 21. 
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analysis developed by G. L. Locke (1)* for the determination 
of NIU from the generalized heating curve of maximum tempera- 
ture gradient versus time, it is then possible to compute the 
Stanton number. The 'Fanning' friction factor is obtained from 
the pressure drop across the matrix. 

The objectives of this thesis were: 

a. to design, fabricate and evaluate the performance 
of a test section to utilize the transient method for deter= 
mining heat transfer coefficients of small modules, and 

b. to obtain the heat transfer coefficients and fluid 
frictional characteristics of sereen, triangular fin and plate- 


fin matrices of various geometry. 


*Numbers in parentheses refer to Bibliography on page 21. 
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EXPERIMENTAL APPARATUS 


A schematic diagram of the apparatus is shown in Fig. 8. 
Basically, the system consists of a plastic section with a 
sliding drawer for holding the test matrix, a flow measuring 
system, a pressure measuring system, a compressor to provide flow 
through the test section, an air heater, a temperature measuring 
system and piping. 

Flow Rate Control 

The compressor is run at a constant rate of approxi- 
mately 300 c.f.m, A sliding-gate valve on a T-section of the 
inlet piping of the compressor is used for coarse control of 
air flow through the test section. There is also a fine control 
valve for making minor adjustments to the air flow rate. A thin 
plate orifice section for flow measurement, designed according to 
A.S.M.E. specifications (3), is included in the inlet piping. 
Matrix Heating System 

A small blower, with a heating element controlled by a 
115-volt, 60<cycle AC 'Variac', is positioned to heat the matrix 
when the drawer is removed from the plastic test section. A 
transitional section, with flow stabilizing screens, is attached 
to the blower to accomplish uniform heating of the matrix, 
Temperature Measuring System 

A five-thermocouple upstream=-temperature probe is located 
in the center of the pipe approximately midway between the ori- 


fice and test section. The upstream-downstream air temperature 
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difference is measured by these thermocouples, connected in 
series so as to oppose the 5 center thermocouples of a 13- 
thermocouple tray located immediately after the matrix. 

The thirteen-thermocouple tray may be used indepen- 
dently to find the temperature distribution of the downstream 
air. All thermocouples used are 30-gauge iron-constantan, 

The temperature difference and distribution is recorded on a 
Leeds & Northrup 'Speedomax', Model G, emf recorder with a 
variable range of from 1<20 mv, 

Ambient air temperature is read on a mercury thermo- 
meter located at the inlet of the entrance piping. 
Sliding Drawer Matrix Holder 

The sliding drawer matrix holder is constructed of 
half-inch thick plastic. It is lined with balsa wood y al-= 
lowing for a 3.08-inch diameter passage for holding the screen 
matrix. When testing the tidiadeiliias fin matrices, a 3.125- 
inch square passage is provided for holding the matrix. 
Pressure Measurement System 

The pressure drop across the orifice is measured on a 
lj-inch U-tube marometer filled with water, The pressure drop 
across the matrix is measured on either a 50-inch differential 
manometer or an inclined 160 mm. manometer filled with water. 

Ambient air is drawn through a 3.0d<-inch diameter pipe 


to the test section. When testing the triangular fin matrices, 
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a transition piece to a 3,125-inch square was inserted before and 
after the test section, Galvanized ducting is used between the 


test section outlet and compressor inlet. 
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METHOD 


Ae Summary of Theory 

The theoretical analysis of the transient heat transfer 
behavior of a porous medium was first presented by Shumann in 
1929. Shumann considered a homogeneous porous medium at a unie- 
form temperature through which a fluid of the same temperature 
is flowing. At a certain instant, the temperature of the enter= 
ing fluid is assumed to change to a higher or lower value. The 
problem is then to find the temperature of the fluid and solid 
as functions of time and position in the matrix. 

The following idealizations and initial and boundary 
conditions have to be satisfied in order to simplify the 
problem: 

Idealizations 
1. The fluid specific heat and viscosity are coristant. 
2. The thermal conductivity of both fluid and solid is 
zero in the direction of flow and is infinite within 
the fluid and solid in the direction normal to the flow. 
3. The flow is steady. 
he The porous solid is homogenous. 
Initial sud Boundary Conditions 

1. At time 6 = O, the temperature of the entering fluid 

changes dneeananadusias: 

2e Initially, the core is at a uniform temperature. 


3. No heat passes the core boundaries, 
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Shumann found the solutions for the fluid and metal 


temperatures to be: 
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and 
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Shumann's solution requires that a theoretical curve be 


sae 


generated which will match the experimental curve to deter- 
mine the heat transfer coefficient. 

In 1950, Locke (1) developed a method in which only 
the maximum slope of the theoretical and experimental curves 
need comparison. This method eliminates the requirement of 
a large number of theoretical curves and the possibility of 
error due to the displacement of the experimental heating 
curve either vertically or horizontally. Locke derived an 
expression for the slope of the generalized heating curve 
for the fluid, (equation 1 above), finding that at x+L for 


which 4 becomes equal to the NTU: 


te 
Ll pias) _ NTU’ pres, (AITO) oom 
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From this, it was found that the maximum slope of the generalized 
heating curve is a unique function of NTU. Thus, only the maximum 
slope of the experimental heating curve need be found in order to 
obtain the NTU and, thereby, the Stanton number. This method has 
been used by several investigators, and their results have been 
compiled by Kays & London (2). 


1 & 
Locke, in his solution of Equation 3, resorted to an 


approximation of the modified Bessel function which in the low 


range of the argument was subject to large error. A solution 
to Equation 3 has been carried out by Lt. J. A. Inglis, ROW, 
using the exact infinite series of the modified Bessel function, 
on a CDC 160 digital computer. The results of this solution 
are given in Appendix II and were the ones used by the author 


in reducing his experimental data. 


B. Experimental Techhique 
Ambient air is drawn through the inlet pipe and allowed 


to flow through the test matrix, while the flow rate is ad= 
justed. After constant flow is established, the sliding drawer 
containing the matrix is pulled out of the test section and into 
the heated air stream, 

When the matrix temperature is steady, as indicated by 
monitoring th. thermocouples, the drawer is rapidly inserted 
into the ambient air stream and the expeliment is started. 

The ambient air temperature, orifice pressure drop and 
matrix pressure drop are recorded, and the transient upstream 
to downstream temperature difference is recorded on the Leeds 
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& Northrup 'Speedomax! Recorder. After the temperature differ- 
ence has returned to zero, the run is terminated. 

The following data are recorded: 

ae atmospheric pressure 

be atmospheric temperature 

c. upstream to downstream temperature difference 

d. pressure drop across the orifice 

@.e pressure drop across the matrix 

f. orifice aianeter 

In this investigation, the temperature difference between 
the inlet fluid and the downstream fluid temperature was recorded 
directly so the maximum slepe could be determined from the ex- 
perimental trace with no replotting. For 4 complete set of 


sample.calculations, see Appendix I. 


C. Presentation of Results 

To avoid the confusion often encountered when a large 
number of arbitrarily defined parameters is used, the same 
definitions will be applied throughout to the various matrix 
geometries. 

The basic data and results for each curface are pre- 
sented in both tabular (Tables I - VI) and graphic(Figs. 1-5) 


forms, as: 
; 2 N. 
Nop dpe B. (Ne) 


f= Q (NRe) 


The seynolds number is based on a hydraulic diameter, 


' defined as follows: 


ir G 
fines 


with 
rh = Dh = hAcu/A, fte, 
G=Wf/ag, lim hr-ft * 


The Stanton number is defined as: 


= 2 2 wr , 
Noy = crea NTU Ag/A 
where 


NTU = DA /rece = number of heat transfer units of the 
‘. matrix. 


The friction factor is defined on the basis of an equivalent 
shear force in the flow direction per unit of heat transfer area. 
Entrance and exit losses are included in the friction factor. 

f= AP matrix 78° a/c? vpA 

Actually, Prandtl number was not a test variable, as the 
working fluid was in all cases air at moderate temperatures. 

Ove: a moderate range of Prandtl numbers, the effect of Prandtl 


number to the 2/3 power is used as an approximation. 


D. . Limitations and Uncertainties 
Care must be used to approach the idealizations and initial 
and boundary conditions of the theoretical analysis, which are 


restated below: 
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Idealizations 

1. The fluid specific heat and viscosity are constant. 

2. The thermal conductivity of both fluid and solid is 
zero in the direction of flow and is infinite within 
the fluid and solid in the direction normal to the flow. 

3. The flow is steady. 

h. The porous solid is hcmogenous. 

Since the fluid used is air, the first idealization can be 
approached if temperature differences are small. As the maximum 
temperature difference is aoproximately 20° Y,, the arithmetic 
average will be plus or minus 1.04 in viscosity and negligible in 
specific heat. 

As for the second idealization, it is recognized that ther- 
mal conduction along the flow length occurs and increases as the 
flow rate is lowered. Its effect can be lowered by shortening, 
or dividing the length of matrix in the flow direction. Mondt (7) 
indicates that as the Reynolds number is decreased the conduction 
effect will be small below an NTU of 11.79, have no effect at 
NTU = 11.79, and increase appreciably as the Xeynolds number is 
further reduced. 

In the direction normal to the flow, the conduction is 
negligible since the temperature gradient at any section is 
essentially zero. This gives a condition which is equivalent to 
infinite conductivity. 


The third idealization is approached by running the com- 


pressor at rated capacity for all runs, so that pulsing does not 


occur. 


The fourth idealization is approached by careful selection 


of the porous solid to be tested. 
initial and Boundary Conditions 

1. At time 0 = 0, the temperature of the fluid flowing 

through the matrix changes instantansously. 

2. Initially, the ccre is at a uniform temperature. 

3. No heat passes the core boundaries. 

The first condition can be approached by rapidly intro= 
ducing the heated matrix into the flow stream of constant- 
temperature ambient air. 

The second condition is satisfied by placing screens in 
the heater duct to produce a uniform velocity profile of the 
heated air. The downstream side of the matrix is monitored 
by a thirteen-thermocouple tray to check for a uniform tem~ 
perature distribution over the section. 

the third condition can only be minimized by careful 
design of the matrix holder. To Lower the transfer of heat 
from the matrix holder to the matrix on cooling, the matrix 
holder is lined with balsa wood. 

The uncertainties of physical constants in the matrix 


and duct measurements sre listed below: 


oe 
ty 


Quantity 
Cs : 


Npp 


A 


Uncertainty ai 20:1 odds 
2h, .0% 
£1 2% 
tong 
=1,0% 
negligible 
=0.5% 
“1.0% 


+ 
~1,0% 


Instrumentation uncertainties follow: 


Quantity 


tate, 


AP orifice 


APnatrix 


Uncertainty at 20:1 odds 


20.5% 


+t 
ol r) 0% 


+ 
wa 0% 


Following is a summary of the uncertainty analysis of 


the Reynolds number, friction factor, NTU and Stanton number: 


For Repeatability 


Quantity 
NRe 
f 
NTU 
Nst 


NggNpr2/3 


Uncertainty at 20:1 odds 
to of ) 
+ . 
=3 ooh 
*3 0-10" 
783 ,0-10: 


28 ,0=16;, 


The NTU, Ns and Ng,Np,2/3 are represented with a 
variable range of uncertainties because NTU does not vary 


linearly with the maximum slope of the cooling curve. 


NTU Uncertainty at 20:1 odds 
6 mice 

10 = 9.0% 

“16 = 8.0% 

20 = 9,0% 


For Reproducability 


Quantity Uncertainty at 20:1 odds 
NRe = 3.0% 
f , = 0% 
NTU -13_22% 
Nst *18022% 
NgtNpr2/3 718~22% 
NTU Uncertainty at 20:1 odds 
6 ~22% 
10 =20% 
16 =13% 
20 “19% 


DISCUSSION OF RESULTS 


To evaluate the performance of the test section, 
60 x 60 x 0,0070 and 10 x 10 x 0,025 18/8 stainless steel 


screen matrices which were similar to those used by other 


a) 


investigators were tested (see Table VII and Fig. 9), Fig. 1 


compares the results of the present investigation with the best 
interpretation of the data obtained by Coppage and Tong (9) 
also on 10 x 10 x 0.025 screen matrices. Fig. 2 compares the 
results of the present investigation of 60 x 60 x 0,0070 
screens with the best interpretation of the data obtained by 
Coppage and Tong on 60 x 60 x 0,0075 sereens. Tho heat 
transfer and fluid friction characteristics obtained for the 
screen matrices are well within the range of uncertainty of 
reproducability of Coppage, Ton, and the author, 

in addition to the screen matrices, which were tested 
primarily to svaluate the performance of the test section, 
three different geometry; matrices were investigated: two of 
the plate-fin type (Fig. 10) and one fin type (Fig. 11) in 
which the elements were skewed to prevent mashing of the fins. 
Table VIII lists the details of these matrices, 

Results for the Type 430 stainless steel plate-fin 
matrix are show in Fig. 3 and listed in Tables III end IV, 
From the figure it is seen that in the higher deynolds number 
range, the heat transfer behavior follows the characteristic 


straight line with a slope of slightly less than the minus one 
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expected for laminar flow in smooth channals. At a heynolds 
number of about 100 and a test NTU of about 15, the data >vegins 


to deoart from the straight line behavicr, As the beynolds num- 


tendo 


ber decreases, this departure becomes more pronounced and finally 


reaches a point where 1t aonears that the heat transfer coef- 
ficient becomes constant or indepencsent of the Neynolds nunber. 
This behavior is due to the longitudinal heat conduction within 
the matrix, and, as mentioned earlier, was expected to start 
showing up when the NTU theoretically had a value of 11.79(7). 

Since the conduction parameter* for a given geometry 
and material varies inversely as the Reynolds number, the 
smaller the Reynolds number the greater the effect. The con- 
duction parameter also varies inversely as the flow length, so 
that a first observation would indicate that decreasing the 
length does not improve the situation; but, since the NTU is 
directly proportional to the heat transfer area, decreasing the 
matrix length sufficiently will decrease the NTU to allow test- 
ing a lower xeynolds number range. In this investigation the 
matrix length was not decreased because it was only desired to 
establish the straight line laminar flow behavior and sufficient 
Jata was obtained to do this without altering the matrix length. 
Having established the heat transfer behavior in the higher laminar 
iieynolds number range thus allows extrapolation of the data into the 


lower Asynolds number range, it should be noted, however, that when 








am 


te A 
The conduction parameter is defined as *#s_ 
peek 
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such information as this is utilized in heat exchanger design, 
conduction plays an important part in the heat exchanger's 
performance, and there has been no attempt in this investigation 
to obtain correlations which sould predict the effects of con= 
duction. 
The friction factor curve for the Type 30 stainless 
steel plate fin matrix shows Seuehtiatly a straight line 
behavior with a slope approximately that of the heat transfer 
curve as would ie expected for laminar flow conditions. 
xesults for the aluminum plate-fin matrix are shown 
in Fig. h and Table V. For this matrix the only geometry change 
was that of the hydraulic diameter, which was accomplished by 
reducing the fin height and pitch. This change, along with the 
use of thinner material, provided for a greatly increased 
ratio of heat transfer area to unit volume and of free flow area 
to frontal area compared with the Type 30 stainless steel plate~ 
fin matrix. The experimental results show the same type behavior 
as previously discussed with the conduction effect beginning at 
_ & Reynolds number of about 200 where the test NTU was about 13. 
In Fig. 5 and Table VI are shown the results for the 
more radical of the geometry changes. For this matrix the plates 
were removed leaving only the fins; and to prevent meshing of 
the fins, the elements were made so that the total angle between 
two elements' flow channels was 259. This angle was chosen 
simply because it was an easy one to fabricate and sufficiently 


ad 


removed from a zero angle to produce a large effect. It was 
believed that with such an obviously tortuous flow channel the 
shape of the result curves would more nearly approach those of 
the screen matrices. That this was not the case is readily 
evident by comparing Fig. 5 with either Fige lor 2. Instead, 
the behavior of this matrix was quite similar to that of the 
plate=fin type and will be discussed in more detail later. The 
conduction effect is seen to begin at a Reynolds number of about 
300 for which the test NTU was about 12. 

For comparison purposes the best interpretation of the 
heat transfer characteristics of the three finned matrices have 
been replotted and extended in Fig. 6, and the fluid friction 
characteristics reproduced in Fig. Te 

Comparing the stainless steel plate-fin and aluminum 
plate~fin matrices shows the effect of reducing the hydraulic 
diameter by reducing size and pitch. The smaller finned 
aluminum matrix has approximately the same fluid friction 
characteristics as the stainless steel matrix, while the heat 
transfer characteristics are raised 7%. This would indicates 
that the fins in plate-fin heat exchangers could be reduced in 
size to the limit allowed by considerations other than heat 
transfer. 

The comparison of the aluminum plate-fin and skewed fin 
matrices of the same fin size shows the effect of removing the 
plate and skewing by 259, These changes increase the fluid 
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friction characteristics by 100% and the heat transfer 
characteristics by 73.5%. Although the heat transfer rate is 
increased, this may be an expensive means, especially in gas 
turbine regenerators where a 1% increase in pressure drop due 
to flow friction costs more than a 1% increase in specific fuel 
consumption. Possibly ther2 is a skew angle at which the in-~ 
crease in heat transfer characteristics is sufficiently greater 
than the increase in friction characteristics to warrant its 
USE. 

Comparing the stainless steel plate-fin and skewed 
aluminum fin matrices shows an inerease of 159% in the heat 
transfer ee ere and an increase of as much as 120% in 
the fluid friction characteristics. In this case, the heat 
transfer area per unit volume is nearly the same for these 
surfaces, but the hydraulic diameter for the skewed fins is 
practically 50% greater, indicating that there would be tees 


chance of fouling with the skewed arrangement. 
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CONC LUS LONS 


A successful test section has been designed and fabricated 
to obtain convective heat transfer and friction coefficients 
for small modules. 

Convective heat trensfer aaa friction coefficients have been 
obtained for some screen, triangular fin and plate-fin 
matrices of various geometries. 

The experimental results of heat transfer behavior and 
friction factors for the plate-fin and fin matrices, 
summarized in Figs. 6 and fs Andieete that there may be 
better geometries for compact, heat exchanger applications 
than plate-fin types for comparable ratios of heat transfer 


area to unit volume, 
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Noi. 2/3 and f versus Npe for 430 stainless steel plate-fin 
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Fin biteh = 20.4 per inch 
Fin metal thickness = eOOL in. 
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Ng tip, 2/ 3 and f versus ¥ for aluminum plate-fin 
Figure 4 
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2/3 and f versus Npe for 25° skewed aluminum fin 
Figure 5 
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Best Interpretation of NgtNpp2/3 versus Npe of Three Matrices 
Figure 6 
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e» Aluminum Skew Fin 
Fin pitch = 20. per in. 
Fin metal thickness = ,001 in. 
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6 edn3Ty 


KR RK 
Settitetes 


XTageN Usedos oT x O 


7 Wnt ae Sd 
| 


NI-I 


. ‘2 
RO he ON an . 
Fees IDI | 
SAAN AM ARR EE 
Ieanieloneusencrata orotate 
>; sgneimrcusaatet eh A? 
eae 
vistas 


“a 


NY 
¥ 


OT edn3ty 





arm AVA VAV ale AVAVAVAVEVAVENAVAVAUAUATAVAVAVAVAVAVAVAVAVACA 
IACAWAVAWAVAWAVAVAWAVAWAVAVAVAVAVAVAWAVAVAVAVAVAVACATACAVAY 
avara' AVAVAVAPaVAtAVAVAVAVA AA VAVAVAVA VAAN AVAVAVAVAY, 
ARAB LIRAEAISIB ITNT IIIT SNL NL od LNA 

mas RAV ALAV ATA AVAVAWAVACATAVAVAVAVAVAVAVAVAY, 


‘mvA. ARV AVAVAAYAV AV ATA VAVAVAVAVAYAUAVATAVAVAV AVAVANAVAVAYATATA 
BVaVavaviaVaVavaVaVAvav er avaVaCAvat Arava varAvavarinyan os a 
AVAVAVAVANaTAUAV a nV VaV AVA aVAVAVAVAVAVAVAVATAVAVAVAUAUICATAN A XT). 
VaVaVav av AV ava ava¥ Wave aVeV ar AVavaWaV ar at Avs Var ava av av aw av ava 
a¥avavavartavaVavaveVaV eV av Aaa VAVAVAVAVATAVAVEVAY! ‘ : VAVAVAVAVAVAUAVAVAY AVOCA AV AVATAR A VEYA 
POO OP CGO COEUR OES: SVAN AVAV AANA VAY ACAVAVAVAUATACAV AWA AVAVAY. 
a ae Aw A AUR TAT AW AW AW ACA ATA AY ATA ANAC ANAUAVAN: ‘ ‘ . VAVAVAT AV AY AV AVAV AV AVAV AV ATAVAVAVAVAVECACAUASA 
ataVAV arate Va avatar AvavaVavavavatAtAVaVavAavavaceys : Ps VAAL AANA V AWA VAVAV ATA VAVAVAVAVAUATAN AAV AYAV: 
svava¥a¥a¥a¥atava¥atavavatalata "aval sVatavs VAVAVAVi : . : ‘ Wa VaWaVaVavaVavavat ViVavAVeVaVivavatel 
avaVavAavaVavaVaVaVaVeMA¥AValAVeVAVAVAVATAVACATAYAY: | , i CaWaCaWaVaWals VAVAV AVA AT ATAVAAVAVAVACAVAVAY, 
tavata¥ava¥al aval ava¥it stave Vata vaVavaVavatavarava? / : WAT AN AV AC ATAVAN A 2S ANAT AN AVAN EWAN 
GUANAWAVA VAVAVAVACAWANAVANA’ awa TAS ‘ Ae ACA AW WAV AAV AV AVAVAWAVATAVA CAVA AVAVAVAVANA 
wava¥i¥ata¥ava¥a¥a¥avaVa¥acavata¥aVa¥ sVAVAC aw aVa'al ee . od EAVAW aC avaV Vata Vat atavar avatar sCAwat ava, 
Ae eee vavavavavawavavataVaVa¥ava¥avavavava¥aVa'a' ile : : BASALT ALB LII SAB AALAALS 
av atawaWavavaVav aw aVawaV aver AwaViWaaVAVAVAVANA \ Y | Mae, VAVAVAVAVAVAVATAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA 
I APTA PALA, in WWAVAVAVAVASACAVAVATAVAVAVAVAVAVAVAVAVACACARAN 
WAVAVAVAVAVEVAVAVATATA VAN nV ACAWAT AAV IVAVAVAVATACAS . : ; WAWAW AS aa VASAT AN AV AVAV AN AAV AV ALAC AVAV A 
AA avawaVaW ata WaVaVAVaCAaTAtaVAVaVaVAtava: a J . \ ow ‘ LL PA LLD ALI PLDI LLL TP LDLT AN 
WAWAVa¥AVAVAVAVAVAWATAUAY AUAVAVAVAVAVATATAVAVAC ATA v ‘ oe ae a AVA AWAY ACAV AT AC AV AV AS 
aay av wwavavavavaVaVaVaVaVaVavaVaVaVaVAa¥aVAVAVAVA¥a’ oat ; sow . WAVAVACAV AAV ATAU AAA VAWAU VAC ACAVACAVAVAWAN 
AVANAVAVAPAVAV A VATA RUAUAVAVAV AVA AA VAVAVAVAVAVAY: fae "AVAVAVACAV AV AVAVACAVE.VAVAY AVAVAVAVAVAVAVAVAV, 
RA A Aen atawaVAVAvat BVAVAWAUAVAVAVAVAVAVAVAWAN wer WAV AW a Vat At aUaC eV AVAVATATAVAVAVAVECAVATATANA! 
¥ A AN CAVA AV AVAN EY, WAVAVACAVAWAVAVACAAtAat ; A Wa AV ata aa VaVAtAVa VAC AV AVA VACAC ACs VAVAVaw a, 
SE ee Aree ee esta vavavavavaw,WavatavawaVavaVava'd | ee fi "Avan VavaVeVaVa Yate VaVaVAVAVAVaVAtAVAVAVAVA¥ 
PARAL WANDA LAIN NNT NN nA ‘ ara Av AV AN AV AVAVAV ALATA VAVAVAVAVAVAVAVAVAVAW 
re a OP OIY PD glad Ne Nel IL ENE S ON ES ESE, ORB PDAARLIABLRAT TALL AAD PALRLAA 
ara eavaltaVatavaVavavavnVaVaVaVavVAavavat av AvAvavavav : ; A VAVAVAVAVAVAVAVAVACAVAVAVAVAWAVAVAVAVAVAVAVAN, 
BVAVAV AC AV AVA AU AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVATANE | . en so ANAC AV AVAWAVAVAVAVAVAVAVAVAVAVAUATAVAVAVAVAY! 
waWaWaV ava Vat avavavava Vat avaraVavaravava «VACA VAY: \ ‘ : 0 TAZAAAAARLAIABRAALAALI AAA 
ATAVAYAVAAVAVATAVAVAT AN ACMA AV AV AVAVAVAVAVAVACAWA . , Daa AV AVAVAVAVATAVAVAY 4V4VAVAVAVAVACAVAVATAVAVAVA’ 
arava VaVaVaVa¥aVs.TaV alata Va aVAVarAVavavavawAvawace ; : \ RUAV ALAA ACAVAV AT aVAV AV AV AVAV av AAV AVAVAIAW: 
WTAVAVAVAVAVAVAVAVAVAVAVATAVAVAVAVAVAVAUACAT AN ACAUA ; rate, |e ; \ fae AVAWAVAVAVAVACAVAW AVAVAY AVAVAY ATALAVAVAVAVAY; 
RR RARER TRAITS Va VaVatataVavava VaVavava: % stcita bvamnnngeanassiinnt wavawii pniyrermptonmepgseg RT CPCI TN NN LIAS LA LAL NI NN LLL NLR IP 
ORT XK wataVaVa¥ AVAVaVaVaVaVaVaVavaVAVAVAVAm*MVA¥AVAL RA AVAVAVAVAVAVA. AV AWA WAV AVANA aU A AVAVAVAVATAUAVAVATAVAVAVAVAVAVAVAVAVAVAVAVAVATAVAVAVAVA 
eA ATA A AAA AS AW AVAVAVAY AN ATAVAAVAVAVAVAVAVAVAVAVAVAVAVANAVAVAWAWAVAV BAVA ATAVAVAVACAV AT AVAVAVAVAWAVAVAVAVAVAVAVAVAVAVAVAVAVAVAW2 VAVAVAVAWAV, 
Hee ee rea ra va vavavavavavavs Va" aC AVaV AAVAVAVALALAUAVAVAVRVAVAVAVAVATAVAVAVAVACACAWDUAVAVAVAVAVAVAVAVAVAVAVAV AV AVAVAVAVAVAVAVAUA SVAVAVAW AC AVAYAVAWAYI 
Va VaVaVAVaVatavavavAaVaVavavAaVaVAVa VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAUATAVAVAVAVAVAVAVAVAVAVAVANAVEVAVAVAYAVAVAVAVAVAVAVAVAVAVAVAVAVAY, 
WAVAVAVAVAVAVAVAVAVEVACATATAVAYAVAVAVAVAVACAVAY AAV A VAVAVAVAVAVAVAVACAV AAA AV AVA AVEO At AAT AVAV AVAGO) 
VaVEW AV ATA AVAVAVAVACATAVAVAVAVAVAVAWAUAVAVIUAVAVAW AVAVAYAVAVAVAWAVAVANATAVAV VIVA VRVAVA UAV AYAVAVAVAVETA 
ravavaVaVaVaaVaVav a’, VAVAWAVAVAVAVAVAVAVAVAVAV AVAVAVAVAVAVACAYEW AAT AVIV AVAVAVAVAVAVAVAVAVAVAVAVAVAVAV AY AY AVEV ATAU AVAY AV AVACAVAVAV AW AN. VAVAVAVAVAVAVENA 
ra VavaWaVavavavaVava’ AV aVavavavawa aw aVavaVavav aVavVavaVav ala VAVAVAVAVAVaVavaVavVavat a avaVaAVataVaVaVAVAvAVaVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAYA 
AeA AY AWAWAVANAVAWAVAN AVAVACAVAVAWAVANAVAVAVAVAVAVAVAVANAVAVAV AVAVAVAV ANAC AVAVAVAVAVAVAN AY AY AVAY AW AVAVAYAVEVAVAVATAVAVACAVAWAY AV AT AVAV AV AV AVAVAVAVAVAVAVA' 


N utd eqetd 


Wa Wawa VaVavaVavavavavavaWaVaaVava av aVATAU ATAU ava 
BT AT AN AM MAUR RIALAVLY AVA AV AVE AVAVAVAV AW AVA UAV AVAVAVEUACEN AACA DREDAL ASR ITSP BBA LABLIE EBITDA LARA 
— RAN vava¥avavava’s PART DNA NOLIN vata avn taVavaVavavavavaWavaVaVaVAVAVAVANAVAAT VAC nvaWavavavaVavaWavavaVaVaVavaVataVevavan 
IAT IY A A A AAW AW AV AWAY AVAWAN AVAVAN WAV EVA ATAWSACAVAVAV AVEC AV AV AV AAV AV AV AVAVAVAVAVATAVAN AUAUAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV.VAVAVAVAVAN 
= Sean A eA WAVAW AVAUAV SU RVAVAWAVAVAVAVAVAVAVAVAVAVANAVAVAVAUAWAUAW Vara Van away ava yauaU AV AVAVAVAVAVAVAVAVAVAWAVAVAWATAvAVaW Av ayaa vaVAVAVAVATAVAVAVAVA 
wal wavavave AN AvaVaVaVaVaVavavavaVaVavaVaVaVaVavAvaVaVaVAavav av av Av AV av ars VAN AVA AVN AWAY AT AC ACAV AV AV AAV AAV AV AU ACA AVAVAVAVAVAVAVAVAV ANAC AV AV AVAVAVAVA 
FI IRI TALI OLY LL LLL FTAA ADVAN AT AOA AV AWVEVAVAVAV A AUAY AAA AVAUAVAVAVAVAN AT AVAVAVAS 
WAV AV AVAVAVA VA VAVATAY AVA AV AC AAV AVIV AV AVA AVA VAY AVA IATA AV AVA AVA AV AVA AAA AV AVaVa, 
Va aVaay: way, Wav avavatavavawi V7 
Wa Wat en VavaVavavatnVar sVavav ata CRIA AE AV AVA AU AT AV AV ENAV AN AVAWAT AV AT A TAA U OMA AY AV AURA VACA AWW AV AWAV AT AVA RV AVAT DOA ACAUAVAV AL AVES 
KIO AAAADS eV aVaVavav av Vata VaVaaVaAVavaVaraVave VAVAVAVAVAVAVAVACAVAVAV LAVA AT AVAVAVAVACAVAVAVAVAVAVAVAN AV AVACAVAY InWaVaVaWavaVaVavavavavava¥at 
Ire vavaVawaVaVAaVAvaVav av AVA AV AVAvAUAVAV AV AVAVAVAVAVAVAVAVAC AVA AV AYA” AVAVAVAY AV ACAYAVANAVAVAY RY AVANAU AT AC RVACAV AY 2” AVAVAV AY AVAVAVAWAVACAWAVAVAVAVAVAWA 
way, eA waWaVaVaVa¥aVaV aTAVAVaVATAVAVAVAV AN AVAVAVAVAVAVAVAVAVAWRCRVAVAAVAVAY AVAVAYAVANAVAWANAVAYAVAVAVAAVAWAVAVAVATAVAVAVAVAVATAVAVAVAVEVAVAWAVAVAVAVAVA\ 
TA A A OAVANAAAVAW BV AVACAWAY BVAW AVN AVAVAVANAVAVANAURU NW AVAVAVAWAVAVAVAVETAVACAV AV AVAVAVAVAVAVAVAV AVA AC AVA awa VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVANAN 
wav Ww, MEE WAVAW AaVAVAW Av AVAVAVAVA VAVAVAVAVAVAVAVAVAVAVAVAVAVAVATAVAVATACAVAW AV AV AY AVAY AT AV AV AVAWAVAVAVAVAVAVAVAVAWAVAVAVAW AVAVAVAVAVAVAVAVAVAVAVAVAVAVAN 
ae wavavs eV aVaVaVATAVAV AN? VAN AUAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV AY AVAV IWAN AVAN BUAWAVAVAVAVANAVANVAVAVAVAVAVAVAVANAVAVAV AN AVN AVAVAWAVAVAVAVANAVAVAVAURUAS 
wavas KAM Wav aVaW av AVA AV AVAVAUAVAVAVAVAVAVAN AVA VAVAVAVAV AY AVAVACAVAV ECE VAV AV AV AY AVA VAVAVAVAVAWAVAVAVAVAV AVAWAV EVAN AVAV AVY AVAVAVAVAV AN AV AV AVACRVAY 
avare DODO DTI LALA LALA LN oR oops ga oy gp a pp RAR RR ig SRS ao Se A LY AEE LLL 
RARARRRARRAT ILLNESS LRN NNR RRO NRRL ER RRMA AMAL ALANIA NARA 
Ms RRDTool pi in EL tp orp pig vr poy hire GL LLL LS LT PE 
wa, Aaa vavavaWavavavaVavavaVaVAaVaVavavAVaVavAvavavaVaVaVavaVaV a ave Vee VAVaVayav Ava avav Av aVeVAVAaVAVAvavavaVaVaveVaVaVaVaVavalavaVavavavaVavavavay 
MAA A AAA i avavavawavaWavavavarava¥aVa¥ aSAVAVAVAVAVAVAVAV AT ATA ATA va ave T ava re vaTaVATAUAVAVATATAVAY AV AAV AVAVAVATAVAVAWAVAVAWAVAVAVAVAVAY ACAVAYATA 
ava ca ACW AVAVAWAVAVANAWAVAY AVATAVAW AWAY AVAVANAY AVAVAVAWAVAVAVAVAVIN AVRO RTACAV AVA VAY AVAVATAVAVRVAVAVAVAVAVAVAVAVAUAVAVAVAVAVAVAYAVAVAVAVAYAUAY AN 
eae a yA VAWAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV AY AVAVAVAY AV AVAY AV AVAY AV Av AC AV AV AV AV AV AV AN AT AV ANAT AY AVA AV AVAV AV AV AV AVANAVAVAV AV AV AY Av ANA AN ANAY ATS 
BAA aw Ava VaVavavavavAavAaVav av AV AavAav av AVaw AT AVA AN AVAVAVAVAYATANAVAVAVATAYACAYATAVANAYAVACAVAY AY AVATAVAVATAYAVAV AC AV AV AV AV AV AV AY AV AVA ANAY AY AV AVANACAYA 
MAA a A AVAVAWATAVAVAVAVATAAVAVAAVAV2.VAVAVAVAW. TAN AV AVAVAVAVAY ATAV AVA ATAVAVAN BVATAVAVAV AV AVia VV AVAVaVACaWAVAVAVAWANAVAVAVAVAVAV AV AVAVAVAVAVAVAVANAY, 
7 POPPA ETL DOA EBRD BHO ORE SOE OO ERE REE EERE 
AV aNTAV AV ATAV AVA AVAVATAVAVAV AV AVON AVAVAVAY AV AV AVA AV AV ACA AV AN AV AY AN AWAY AVIVA AW ANAS AY AV AU AV AN AN AV AU AV AV AN AN AVAN AV AN AV AN AVA AY VAS AVAVAVAY: 
A AM OA WAN AVATAWAVAN A AVAVAN AN AVAVAVAV AV ACAVAWAVAVAVAVAVAVAVAN AWAY AVAVAY AV ANAVAN AVAVAN AV AVAVAYAVAVAVAVAVAV AV AW AN AVAUAVAVAVAVAVAWAVAVACAVAV AY AVAVAL AA, 
CAVAVAVAVAVAVAV waVaVa¥avaVaVavavaVavataVav svar eV av aw AVAVAY AVAVAVAVAVAVAVAVAVAVAVAVAVAVACAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV AT AVAVAVAVAVAVATAVAVAV: y 
ava’ ValaVaVavavaVavavavavavavavaviwaVavarvavavavav al avaVaVavaVAVAvAVAVA Vat aver ava aVav av avVaa VAVaV aA VAVaN EVA av aw avaNaw a, 
VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVATAVAVAVAVAVAVAVANAVAVAVAVAVANAVAVAVAVAVAVAVAN ACA) 
Wav ava avant WAVAVAVAY AVAFAUAVAW AAV AVA AAV AVAVANAVAVAVAVAVATAY SVAVAVAWAUAVAVAVAUAVAVAV AVIV AV AV AAV AVAVIW AVAVAWAVAVAVEVAYOVACEVAVAN 
aw AvavataV avaVaVavavavVavavav AVAVAVAVATAVAVATAVAALAVAVAVAVAVATAVAVAVACAVAVACATAVAVRUAVAVAVAVATACAVATATAVAVAVAVAVAVAVAVAYAV AEAVANACAVA 
III ILL SALLI SN OSL ISLE LR NTN IN INNIS TN IN LS NT NTN IT NN NN oe Nr ny Ne loeb 
VavaaV at aVaVAVav av AtAvev sTAvVav aw TAVAVAVAVIV AAV AVAVEVAVAVAVAVAVAVAVAVAVACAVAW WAV AY AVAW IV AV AVAVAY 1V AV ACAVAY AV AT AVANACACAVAV AVS 
PTAA aE NL LN ol Lo Wh nL SLI CSN LS el lel eh nl elbowed avd mica 
TE Aye WAV) WAVAVAVAW AWA TAVAVAVAVAVATAVAVAVAVAVAVAVATAWAVATAVAVATATA WAV Tava Vn waa VAVAVAVAVANAVAVAWA CAVA AAW ANVAT TAWA 2000 00 va 


vA AT AA av a¥a¥ava¥ava¥a¥aVa¥avaWaWava¥sWa¥avaWavavaWawavawam awa awawew seo or 
ra 








5 1 


Tl eanepy 


XT138H UTT pemexs 


SOREL 


/ / Wavtavates Waatawen 
Y LRELLPLPLRLE LES 
IND OD SIND SPAT RI NS NP NPI AD NIA IRA NT KIRIN INI NIN ARARARARL / 
COLUS ININI NIRS NTS ‘ 
SNINSNS ISN NIN SYREN ERERR RR IOS AS ~ CNR IIR IRIN IININ IIL SL SS 
; \/ 5 Fg Y VY 


/ / / LP SP SDP NI / 
Mw IP DIINM RA /N EES ae aM 
rx ' RARRAARARARARRA 

xX / MENA ARRRRKAKRARRAL 


RARER RAR ARRAN AA WS SNS NNO 
AA RAKKARA AA AKKA ARAN OOO?) OK 
AA AAAAAAWAAAAAAANAAAAAA AAAI AANAADRADANNA ADDN 
NAINA ARAKAAY VARA SS, 
DOO 


Ae 


CO AAAS 
SIMS 4 WX 7 


ARTA PRPD PAPA PR LLP PARP RARELY 





Be 


ce 


No, of 


ocreens 


28 


17 


Run 


oO SN ww 


TABLE I 
. HEAT TRANSFER AND FRICTION DATA 


10 x 10 MESH PER INCH--0.025 INCH WIRE DIAMETER SCREEN MATRIX 





wt : ’Pnatrix 
Lom/hr NTU ‘he NSiNpp2/3 in, Hg0 
275.0 275 120 0.0390 2,88 
256.0 — 1150 2.5) 
151.0 3074 679 0.0527 0.990 
102.0 5.00 460 0.0710 0.433 
ote 5270 302 0.0810 0.212 
32 7.00 185 0,0995 0.091 
17.1 8,60 76.6 0,201 
Line Tie2 0.041 


11.6 12.3 51.9 0,237 


/ 
f 


0,370 
0.376 
Ca20 
0,400 
0-457 
0,520 


1,30 


1A 


No. of 


pereens 


16 


SO 


Run 


TABLE II 


iBAT TRANSFER AND FRICTION DATA 


60 x 60 MESH PER INCH--,0070 INCH WIRE DIAMETER SCREEN MATRIX 


wf 
Lbm/hr 





16.7 


99 





11.9 


al 


4 
NRe 





Be a 
76.7 
60.7 
28.9 


12.6 
725 


/ 
Ng¢Npp2/3 


0.057 
0.092 
0.094 
0.158 


0,22 


0.307 


>Pratrix 
in. Hp0 


3.45 
1.89 
1.31 


Calé 


hy 


0,85 
1.00 
1.11 


1.72 


Se 


TABLE III 
HBAT TRANSFER DATA. 


STAINLESS STEEL PLATE<{FIN MATRIX 





We 
lom/hr NTU Nie NsqNpp2/3 
607 4.32 480 09,0060 
381 6.38 301 . 0,0089 
341 7.220 270 0,0L00 
292 8.37 231 O,OLL7 
233 11.3 184 0,0158 
146 13.44 132 0.9187 
101 18.5 1907 029259 
7767 22,0 61.5 0.9307 
63.8 21.7 50,5 0,930), 
h7ed 2042 47.6 60,9283 
36.04 29,3 23.8 0,0290 
17.2 20.7 13.6 0.0290 
beh 2042 1242 0,0283 


TaBLE IV 
FRICTION DATA 


Ay Parrrmac aaar OT Aamir Tora opramm piu 
STLINL®SS STEEL PLATE«PIN MATRIX 





uF Arnatrix 
stun lom/hr NRe in. Hp0 si 
1 809 641 10,5 0,0237 
2 632 5,0 8.05 0.0287 
3 YS1 . - B82 6.10 0,9319 
3 359 285 3.33 0.0382 
5 ° 233 22h, 2039 0, 0442 
& 253 204 2,20 0.0489 
7 203 161 1.66 00595 
é 155 131 1.30 0.0705 
y 103 Bis? 0.670 0.9930 
ane 60.5 L7.9 0,350 0.143 
i 39 ols 31.2 04220 C.214 


12 Whe7 11.6 0,106 0,728 


uo 


o} 


wr 
Lom/ar 





371 
325 
280 
2h7 
160 
LLL 
20.44 
82.7 
Sle? 


36.9 


TABLE V 
dBAT TRANSFER AND FRICTION DATA 


ALUMINUM PLATE-FIN MATRIX 


i re 
NTU Nre Ng¢Np,2/3 i iO. 

9517 4432 | 0.0100 (10.2 
19,1 371 0.9111 8.59 
11.7 313 0.0127 7.09 
1h. 28 0.0152 5260 
170 208  0,9190 - 11.60 
19.7 191 0,0215 yeah 
167 3.70 
1707 yh 0.9193 3014 
20.3 127 0.0221 2,80 
16.6 82.5 0.0182 Oe 
Loe 5723 9.9183 1,06 
cu Pee: 6.6 0,0158 | 0,33 
13.1 12.06 0.0143 0,75 

11.9 2109 0.0130 0.55 — 

5226 1336 0.0101 0.32 


f 


0,0225 
050257 
0.0297 
0,037) 
0.L9 
0,078 
0,053 
0.0624 
0,0709 
0.107 

0.133 

0.157 


0-170 


3€ 


TABLE VI 
HGAT TRANSPER AND FRICTION DATA 


ALUMINUM FIN~*.j25° SK3W MATRIX 





es »Pratrix 
Run dom/ar NTU Nre NgpNpp2/3 in. Hp0 £ 
1 $56 6.70 . 609. 0,013 4.90. - 0.0325 
2 543 Toth 50k O.0151 3.89 0,0376 
3 381 11,0 353 0,021) 2250 0,0513 
h 296 129 275 0.0237 2,00 0,9651 
5 272 12 4 252 0,021 PY 0,0686 
6 193 a7 179 9.0229 1524 0.0950 
/ 2h2 13.8 225 0.0259 1e3h 9.965) 
a 151 15.0 140 0.9292 | 0.91 0.114 
‘i 103 15.6 . 100 0.0303 9.52 0,128 
1: 65.6 14.67 60.9 0.0286 0.32 0.209 


11 38.5 11.5 35.8 0,022 0.13 O33 


6£ 
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TABLE VIT 


DETAILS OF SCREEN MATRICES 


Meshes/inch 

Screen Used 60 x 60 
Number of screens 16 9 
Wire diameter (in.) 0,9070 0,0070 
Sereen thickness (in.) 0.015 0,015 
Mass (lbm) 0.1703 0.0951 
Porosity, p” 0.56h 0.66) 
Heat transfer area per unit 

volume, (£t2/£t3) ~ 230 230 
Hydranlic diameter, D, (fte) 0.00115 0.00115 
‘ree flow area, A, (£t®) 0.0343 0,0313 
Heat transfer area, A (ft@) 2,38 1.3h 
Length of matrix, tg {in.) 0.2he 0,135 


Fen aie Da NS OM ET 


Meshes/inch 
02 10. 

28 li 
0.0250 0.0250 
0.049 9.919 
0,588 04357 
0.797 0.797 

390 390 
0.00817 0.90817 
0.0412 0.012 
2031 10 
1.372 0.333 


oF 


Designation 

Material 

Fins per inch 

Fin thickness (in.) 
Plate thickness (in.) 
Fin height (ine) 
Lengta of Matrix Cin.) 
Mass (lbm) 


feat transfer area per unit 
volume, (£0¢/£t) 


Hydraulic diameter, Dpf(ft.) 
a rs ? 
Free flow area, ag, (f£t*) 
Heat transfer area, A, (ft 


Specific heat, c, (hor) 


2\ 
é 


Porosity, p 


TABLE VIII 


DETAILS OF FINNED MATRICHS 


Plate-fin 


Type 30 Stainless steel 


a. ce ae) 


Plate-fin 
Aluminum 
2004 
0.0010 
0.0050 
0,0205 
3.00 


0.33% 


2710 
0.00135 
0.059k 

4340 
0,215 


0.912 


Skewed fin 


ALurcii nun 
20.4 


0.COLD 


0.0205 
3.00 


O.185 


1530 
9.0026 


we 
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SAMPLE GALCULATIONS, RUN #1, ALUMINUM PLATS-FIN tATRIX 


ilecorded Data 


tpy = 70,0°F, (ambient air temperature) 

4Porifice = 4.62 in. H0 

OPnatrix = 10.2 in. Ho0 

Py * 30.21 in. Hea (atmospheric pressure) 

d = 2,310 in. (orifice diameter) 

D = 3.08 ir. (pipe diameter 

tyebry, = 2.73 mv (initial temperature difference, 5 thermocouples) 

chart speed = 2.0 sec/in 

shart scale = 0.558 mv/in 

maxe Slope = -6.772 in/in 

Wg * 0334 lbm (matrix mass) (Table VIII) 

Cc, = 9.216 BIU/Ibm OF, (matrix specific heat) (Table VIII) 

Dy, = 0.00.35 ft. (matrix hydraulic diameter) (Table VIII) 

Ag * 0,059) £t* (matrix flow area) (Table VIII) 

A = 43.0 £t@ (matrix heat transfer area) (Table VIII) 
Flow Rate Determination 

Using the method in (3), the fluid flow rate will be found 


wpe = 359 K a? Fa 1¥PA?oritice, Lbm/pr [(3), De 57, equation 3| 


K = flow coefficient, velocity of approach factor included 
(dimensionless) 


Fa = thermal expansion factor (dimensionless) 
Y * expansion factor (dimensionless) 


Tay 


/? * density of fluid flowing at inlet side of orifice (1bm/ft?) 
fiy * sieynolds number based on pipe diameter 
A= a/D = 0.75 
assuming Ry = 9,000 
K = 0.773, | (<3), Ds 26, Table 5| 
d® = 5,336 in® 
Y = 0,9959 (3, pe fl, Fig. 103 


' iG BR. . Go.ad(4gynits) . —4 |b 
0.756 Lbn/ft Aa * (=3.3)(F30) ,O756 “ee 


fe 


St 
Me 
Fa = 1,000 [(3), p. 67, Fig. 36 | ‘ 
ip * (399){0.7473) (5.336) (1.000)(0,9959)  f (0.9756) (4.62) 
= 839 lom/hr 
Rp = 0.0024) we/DM [(3) pa 58, equation 5] 
JM = 1,225 x 107? lbm/ft-sec, at 70 F, [(29), p. 69 
Table 2<8 
Ry = (0.0042h1:)(839)/(3.08) (1.225 x 107) = 94,326 
The value of Kp = 9),,326 does not change the initial flow ccefficient,. 
NLU Determination 
To obtain NTU, it is necessary to determine the experi 
mental maximum slope of the gencralized slope of the generalized 
heating curve: 
s 
Ae) - 
% 
Cpa - Ca : 


A(T / NT v)| aad 


2 


ee ee 


nahocaidaome 


ce en ee oo 
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From the definitions 





W5 Cs urs 
and 
hA 
NTO = Wr Ce J 
then 
ay & eee 5. We 
and 
PINRO ie 
d (VT u)= rat) £ ; 
Also — 


Crate Epes Ses a. 4 
Cra - ta tei - Ca 


and 
t eto St a \ Pere! Soe Cea 
A (pienes tpi- =) (t¢a-ti) & (Cea tea) « 
Thus the expression for the maximum slope becomes 
Chacty 
df c t 
tit) = (Wecs) pt. | dtp tes) 
y, LO 


OF, t¢4-ti 
AT, TON Ee eS a ee 


where the quantity 


: a MAX 


43 


Tate Uy a he pi 


is the maximaa elope of the inlet-outlet fluid temperature dife 


+ 


3 


fsrenee versus time curve. As this temperature ciffsrence is 
recorded as a function of time, the maximum slope is determined 
directly from the experimental trace. Sine ‘¢ the slope is 
measured directly fro. the chart, im the computations it is 
necessary to introduce the shart scale-factors. 


Cp = 0.240) BIU/Ibm °F, fluid specific heat at 70 °F, 
[(10), p. hl, Table 2-3] 


Woes _ (0. 3 34)(0.a16)(2 600% 839)(0.2404) 


ww, Cg 
= £~£-A6BI sec 
Lio= E+) 
Cu + te = (289) fossa ral. 
EON OY lax -C@79) (6.774) |a-£ 0.8794 


SF 
NTU = 9.165 (Table IX = Appendix IT) 
Average fluid temperature determination 
te, = 70 OF. = 1.07 mv 
tyete, = 2.73 mv (5 thermocouples) 


tyeteL “= tie Ley 2 


2273 = 0,546 mv ‘(1 thermocouple) 
b 
ti =(ti-tedtter = 0,546 + 1.07 = 1.616 mv = 88,87 2. 


tivg. « ba"*21 2 70 + 88.87 = 97,4 °F 
2 eeanare » ieee 
Heat transfer Paraneter Determination 


Ngg = NTU Ac w (9.165)(0.059h) = 0.0126 
A L3l0 


2/3 = 0,793, at tavas [(20), p. ft. Table 2n10| 





NY) EP r 


NgtNppe/3 © (0.0126)(0.793) = 0.00958 


his 


Reynolds Number Determination 


No = DpG 
he te 


G = we Ih -aik 3 ) Pat 
4H * (839) (3600)/(0.059h) = 3.92 Ton/sec-ft? 
. 


aver 

Table 2=8] Ne 
; “ ong Z 
Nee = (0.00135)(3.92) / (1.225 x 107) = 132 


friction Factor Determinatior 


is (Gee 2an\f ac 
vf Ge 


The friction data were taken at ambient air temperatures. 





a P, 
ft = avg 
VE it Tes 


P avg = Py. APnatrix 


Pavg = (30.7 7.)(13.6) - 10.2/2 = 405.9 in, HyO 
Pe = (405.9) (5.204)/(5303) (530) = .O7h7 1bm/Ft3 


£ = (20.2)(52204)(O.07K7)(2)(3202) (0.059) / (3.92)2013.19) 
= 0.0225 
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MoSLOPE OF THE GENGRALTZeD aBAPING CURVES 





2) 


Locke (1) derived the expression for the slope of the 
generalized heating curve equatio:, .c-. page 7), noting that when 


x= L that Z = NTU, 




















we Ine Pis 4 DM 
si r ee 4 Es 
i tT nas} o ‘ i 
ve Panes a = L a a VP y f a tf g est _f 
yore r H 
A CRC 160) diate! computer was used to solve the equation 
oa -t-\ 4 ; 
Values of if were obtained by 
ve 
! “ht 


el = . ad + ra 
varying T/NTU for particular values of NTU. For values of NTU 3 2; 


and using an increment of yr /NTU = 2O0C01, the maximum slope was 








» initial value of |} /iiTU effectively giving 
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vor NIU > 2, Increments of | /NTU = O01 were used. “PANTY wae 
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value was obtained, and thic maximum slope was recorded. The come 
puter then moved to fteg, value of NTU. 


for values of NTU 





Tablelx 
Values of the Max. Slope of the Generalized Heating Curve .NTU and %/NTU 
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